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High valence transition metal doped strontium ferrites for electrode materials in symmetrical SOFCs a b s t r a c t In this paper we report the successful incorporation of high valence transition metals, i.e. Cr, Mo, W, V, Nb, Ti, Zr into SrFeO 3Àd perovskite materials, for potential applications as symmetric electrode materials for Solid Oxide Fuel Cells. It is observed that the doping leads to a change from an orthorhombic structure (with partial ordering of oxygen vacancies) to a cubic one (with the oxygen vacancies disordered). These electrodes are chemically compatibles with Ce 0.9 Gd 0.1 O 1.95 (CGO) and La 0.8 Sr 0.2 Ga 0.8 Mg 0.2 O 3Àd (LSGM) electrolytes at least up to 1100 C. Thermal annealing experiments in 5% H 2 eAr at 800 C also show the stability of the doped samples in reducing conditions, suggesting that they may be suitable for both cathode and anode applications. In contrast, reduction of undoped SrFeO 3Àd leads to the observation of extra peaks indicating the formation of the brownmillerite structure with the associated oxygen vacancy ordering. The performance of these electrodes was examined on dense electrolyte pellets of CGO and LSGM in air and 5% H 2 eAr. In both atmospheres an improvement in the area specific resistances (ASR) values is observed for the doped samples with respect to the parent compound. Thus, the results show that high valence transition metals can be incorporated into SrFeO 3Àd -based materials and can have a beneficial effect on the electrochemical performance, making them potentially suitable for use as cathode and anode materials in symmetrical SOFC.
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Introduction
Solid Oxide Fuel Cells (SOFCs) are electrochemical devices with higher efficiency for electrical generation than conventional systems based on fuel combustion. SOFCs have several advantages compared to other fuel cells types, such as relatively lower costs, greater tolerance to impurities in the fuel and the possibility to operate directly on hydrocarbon fuels [1e5] .
A typical SOFC consists of three main ceramic components, i.e. an anode, a cathode and a solid electrolyte. The state-of-the-art solid electrolyte is Zr 0.84 Y 0. 16 O 1.92 (YSZ) and the cathode La 1Àx Sr x MnO 3Àd (LSM)/YSZ composite. The anode material is usually a composite of Ni and the electrolyte, which exhibits excellent electrocatalytic properties for operation in H 2 fuel. However, this anode does have certain disadvantages; in particular those related to carbon deposition when operating with hydrocarbon fuels, sulphur poisoning, agglomeration of Ni particles and volume instability upon redox cycling [6, 7] . This traditional SOFC configuration may be replaced by a new approach, where the same electrode material could be used simultaneously as both cathode and anode to create a symmetrical solid oxide fuel cells. Symmetrical Solid Oxide Fuel Cells (SSOFC) present several advantages compared to conventional SOFCs, because the number of cell components is reduced facilitating the assembly of a fuel cell in a single thermal treatment and minimizing compatibility requirements [8e10]. Furthermore, this configuration could overcome two of the main drawbacks associated to SOFC technology when operating directly with hydrocarbon fuels, i.e. reversible sulphur poisoning and carbon deposition, due to the possibility to reverse the gas flow oxidizing any sulphur species or C-deposit and hence recovering any loss of performance.
In the last few years there has been a growing interest in the research of potential symmetrical electrode materials for SOFC applications, such as La 0.75 Sr 0.25 Cr 0.5 Mn 0.5 O 3Àd (LSCM), La 1/3 Sr 2/ 3 (Ti 1Àx Fe x )O 3Àd , and Sr 2 Fe 1.5 Mo 0.5 O 6Àd [8, 11, 12] .
The perovskites based on SrFeO 3Àd are interesting materials which exhibit high mixed oxide ionic and electronic conductivity and therefore can be potentially used as both cathode and anode material in SSOFCs [13e15]. Iron cations in this system are in a mixed oxidation states ranging from þ4 to þ3, corresponding to a wide range of oxygen nonstoichiometry. Over the oxygen composition range 2.5 3Àd 3, the SrFeO 3Àd system exits as four distinct compounds with the nominal composition Sr n Fe n O 3nÀ1 (n ¼ 2, 4 and 8). The end member SrFeO 3 (n ¼ N) possesses a simple cubic perovskite crystal structure, whereas the oxygen-deficient (n ¼ 2, 4 and 8) members adopt different vacancy-ordered perovskite crystal structures from brownmillerite-type (n ¼ 2) to orthorhombic Cmmm (n ¼ 4) and tetragonal I4/mmm (n ¼ 8) [16e18]. The formation of ordered oxygen vacancies is not favourable for practical applications because it drastically reduces oxide ion conduction, whilst the oxygen deficiency also results in a decrease in both mobility and concentration of hole carriers [19, 20] .
The aim of this work is to investigate high valence transition metal doping into SrFeO 3Àd systems, with a view to stabilize the cubic form of these systems, avoiding the phase transition to the brownmillerite form and improving the electrochemical performance as anode and cathode material in SSOFCs. 3 and MoO 3 were dissolved in diluted ammonia. The solutions were mixed in stoichiometric amounts and ethylenediaminetetraacetic acid (EDTA) (99.5% Aldrich) was added as complexing agent in a 1:1 ligand:metal molar ratio. The pH was adjusted to approximately 7 with the addition of ammonia. The resulting solutions were frozen by dropwise addition into liquid nitrogen and the frozen drops were dehydrated by vacuum sublimation in a freeze-drier for 2 days obtaining an amorphous solid precursor. The precursor powders were immediately heated at 300 C to avoid the rehydration and to produce the combustion of organic material. Afterwards, the powders were fired at 800 C to remove the carbonaceous species and to achieve crystallization. X-ray powder diffraction (XRPD) measurements were performed to study the purity of the samples, crystal structure, reactivity with different electrolytes and the chemical stability under very reducing atmospheres.
Experimental

Synthesis and powder characterization
For the chemical compatibility studies, the ferrites and commercial electrolyte powders, Ce 0.9 Gd 0.1 O 2Àd (CGO, Pi-Kem) and La 0.8 Sr 0.2 Ga 0.8 Mg 0.2 O 3Àd (LSGM, Praxair), were mixed in a 1:1 weight ratio in an agate mortar and then fired in air at 1100 C for 24 h. The powder mixtures were then slowly cooled down to room temperature and examined by XRPD. The phase stability of the materials in very reducing atmospheres was evaluated exposing the powder under a constant flow of 5% H 2 eAr at 800 C for 24 h.
The XRPD patterns were collected using a PANalytical X'Pert Pro automated diffractometer equipped with a Ge(111) primary monochromator (Cu Ka 1 ) and a X'Celerator detector in the 2q range (10e140 ) with 0.016 step size for 1e4 h. Rietveld analyses were done using the GSAS suite of programmes [21] and phase identification was performed with X'Pert HighScore Plus v.2.0e software using the ICSD database for the starting structural models [22, 23] . The usual profile parameters (scale factors, background coefficients, zero-points, pseudo-Voigt, asymmetry for the peak-shape and atomic parameters) were fitted.
X-ray photoelectron spectroscopy (XPS) measurements were carried out to evaluate the oxidation states of the dopants in the oxidized and reduced samples. XPS spectra were recorded on a Physical Electronics PHI-5700 spectrometer equipped with Mg-K a and Al-K a X-ray sources and a hemispherical analyser. The data were analysed using PHI ACCES ESCA-V6.0 F software. The experimental peaks were decomposed into components using mixed GaussianeLorentzian functions. The binding energies (BE) were referenced to the adventitious carbon C(1s) at 284.4 eV.
Electrical measurements
Ceramic pellets of doped-SrFeO 3Àd , CGO and LSGM (w13 mm of diameter and w1 mm of thickness) were obtained by pressing the powder at 75 MPa. The pellets were sintered at a heating rate of 10 C min À1 at 1250 C (doped-SrFeO 3Àd ) and 1400 C (CGO and LSGM) for 4 h. Conductivity measurements were performed using the four probe dc method for the electrode materials. Four Pt electrodes were attached with Pt paste, and then the sample was fired to 800 C in air for 1 h to ensure bonding to the sample. The electrical measurements were carried out in air and 5% H 2 eAr during the cooling process with a dwell time of 1 h at each temperature. The samples were previously treated at 800 C for several hours in air and 5% H 2 eAr. The conductivity was not corrected for the influence of porosity due to the high relative density of the samples >90%.
Area specific polarization resistance (ASR) values were obtained under symmetrical atmospheres (without chemical potential gradient) in a two electrode configuration. The electrode powders were mixed in a 50 wt.% with DecofluxÔ (WB41, Zschimmer and Schwarz) as binder material to obtain a slurry which was used to paint symmetrical electrodes on dense pellets of CGO and LSGM electrolyte. The electrodes were sintered at 1100 C for 1 h to ensure an adequate adherence with the electrolyte. The symmetrical cells were measured by impedance spectroscopy in air and under a continuous flow of humidified 5% H 2 eAr using a 1260 Solartron FRA in the 0.1e10 6 Hz frequency range from 800 to 500 C with a cooling rate of 5 C min À1 and a stabilization time of 30 min between measurements. An ac signal of 50 mV was applied. Pt-ink electrodes were used as current collectors and the data were analysed with ZView software [24] .
The microstructure of the sintered pellets and cross-section of the electrolyte/electrode interfaces were examined by Scanning Electron Microscopy (SEM) by using a JEOL SM-6490LV. The samples for SEM observation were gold sputtered to reduce charging of the surface.
Results and discussions
Phase formation
Precursor powders of SFO and SrFe 0.75 M 0.25 O 3Àd (M ¼ Ti, Zr, V, Nb, Cr, Mo, W) series were fired between 800 and 1250 C for 5 h to obtain highly crystalline materials. SrFeO 3Àd and the samples doped with W and Ti were single phase materials at 800 C, and an increase of the temperature up to 1250 C only led to more crystalline compounds ( Fig. 1a and b ). Cr and Mo-doped samples were single phase materials at 1000 C. At lower temperatures, secondary phases of SrCrO 4 and SrMoO 4 were formed ( Fig. 1c and d) as secondary phases. For the Nb and Zr-doped samples, the temperature needed to achieve a single phase sample was 1100 C, while below this temperature secondary phases were detected ( Fig. 1e and f) . The V-doped sample was a mixture of phases in the whole temperature range studied 800e1250 C. Three crystalline phases SrFeO 3 , Sr 3 (VO 4 ) 2 and Sr 3 Fe 2 O 6 were found after calcining at 1250 C for 5 h. Thus, it was not possible to achieve a single phase at any temperature, and therefore V-doped sample was not analysed further.
Structural characterization
The crystal structures of the samples were analysed using the Rietveld method. The structure of SrFeO 3Àd was reported to be strongly related to the concentration and arrangement of oxygen vacancies, which depend on temperature and oxygen partial pressure [16] . Under our synthetic conditions, the structure of the undoped sample was indexed and refined in an orthorhombic perovskite cell with s.g. (space group) Cmmm ( Table 1) .
All transition metal doped compounds, SrFe 0.75 M 0.25 O 3Àd (M ¼ Ti, Zr, Nb, Cr, Mo, W), are indexed in a cubic perovskite cell (Pm-3m). Assuming an octahedral coordination of the dopant in the B-site of the perovskite, the stabilization of the cubic form is likely due to the incorporation of a transition metal with high oxidation state (higher than oxidation states expected in the undoped sample, Fe 3þ and Fe 4þ ) leading to the introduction of oxide anions to compensate the positive charge and stabilizing the cubic form (see Fig. 2b for SrFe 0.75 Ti 0.25 O 3Àd ).
Refined cell parameters obtained by the Rietveld method are given in Table 1 . In these compounds it is difficult to correlate the cell volume with the cation size (using Shannon ionic radius). This is likely due to the different oxygen contents caused by the replacement of iron by transition metals with different oxidation states, in addition to changes in the valence of iron to maintain the charge neutrality requirement. Further studies by thermogravimetric analysis and neutron diffraction are necessary to determine the oxygen stoichiometry in these samples.
It should be also commented that Ti-substitution in SrFeO 3 produces a smaller change of the unit volume cell compared to the parent compound, on the contrary, Zr-substitution leads to a large unit cell distortion. This has strong effects on the electrochemical properties as can be seen in the next sections.
Phase stability in H 2
The anode material of a SOFC should be structurally stable under reducing conditions. Thus, phase transformation or partial decomposition of the crystal structure is considered to be detrimental for practical application due to the possible volume change of the anode during the oxidation and reduction cycles, causing delamination of the cell layers.
The stabilities for the SrFe 0.75 M 0.25 O 3Àd (M ¼ Ti, Zr, Nb, Cr, Mo, W) series were investigated by XRPD after a thermal treatment of the powders in a 5% H 2 eAr flow at 800 C for 24 h. The XRPD patterns for undoped SrFeO 3Àd and SrFe 0.75 Cr 0.25 O 3Àd indicated that both materials show significant changes at 800 C (Fig. 3) , with the appearance of the reflections of the brownmillerite phase Sr 2 Fe 2 O 5Àd . This is due to partial reduction of Fe and Cr to lower oxidation states with the subsequent oxygen loss. This process entails the ordering of the oxygen vacancies and the formation of the brownmillerite phase with orthorhombic symmetry. On the other hand, SrFe 0.75 M 0.25 O 3Àd (M ¼ Ti, Zr, Nb, Mo and W) were shown to be structurally stable under reducing atmosphere at 800 C (Fig. 3 ) maintaining a cubic lattice; therefore these samples could have potential as anode materials.
Chemical compatibility
The reactivity between the electrolyte and the electrode layers is another important issue to be considered in the fabrication of an SOFC due to the fact that the formation of new phases or even a low ionic conducting material at the interface between both materials might increase significantly the ohmic resistance of the cell and block partially the oxygen transport. On the other hand, a poor electrode adherence might result in a large contact resistance and even delamination of both layers. For these reasons, it is essential to know the optimum fixing temperature, minimizing the possible formation of reaction products at the interface between the electrode and electrolyte layers. Figs. 4 and 5 , respectively. These electrodes and electrolytes seem to be chemically compatible up to 1100 C. Only for the SrFe 0.75 Zr 0.25 O 3Àd /CGO mixture was a small unidentified impurity at 2q ¼ 31 observed (Fig. 5f) .
While a possible interdiffusion of cations between the materials is not ruled out, the cell parameters of the different phases did not change appreciably after annealing the powder mixture at 1100 C.
Sintering conditions and microstructure
The sintering conditions used for the preparation of SFO and SrFe 0.75 M 0.25 O 3Àd (M ¼ Ti, Zr, Nb, Cr, Mo and W) ceramic pellets at 1250 C 4 h led to dense specimens with compactions ranging from 90% to 95% of the theoretical value, taking into account the pellet mass and volume and the crystallographic density (Table 1 ). Fig. 6 shows representative SEM micrographs for the dense pellets. All ceramic materials have low porosity with no indication of liquid phase formation or phase segregations at the grain boundaries. The SEM micrographs also reveal that the ceramic grain size is highly affected by the dopants. The average grain sizes D are given in Table 1 . As can be observed, the undoped composition, SrFeO 3Àd , exhibits the largest grain size (14.2 mm), however, smaller grain sizes are observed in the doped samples. This is usually attributed to an enrichment of the dopant at the grain boundary region as previously observed for other ceramic materials [25] . According to the space charge model, the excess of dopant located at the grain boundary retains the mobility of cations across this region and consequently, the grain growth rate decreases. It is difficult to relate the grain size with the dopant type due to the different oxidation states of these samples; however, those samples containing higher valence transition metal dopants, i.e. W 6þ and Mo 6þ , seem to exhibit the lowest grain size (Fig. 6e and f and Table 1 ). Samples with different dopant content should be studied to explain this behaviour.
X-ray photoelectron spectroscopy
The different electronic conductivity under oxidizing and reducing conditions in these materials is related to the change in the valence of the cations in B-site caused by oxygen losses with the temperature and the oxygen partial pressure. For this reason, ceramic pellets before and after reduction in 5% H 2 eAr atmosphere for 24 h were examined by XPS to evaluate the different valence of the cations and to obtain new insights on the electronic conduction.
The XPS survey for the different samples treated in air and 5% H 2 eAr indicates that the surface of the powders is enriched in Sr (w70 atom% in air) and depleted in dopant w7 atom% due to the presence of strontium carbonate. Fig. S3a and b shows the C1s spectra for Mo-containing sample with two separated peaks and at least five different contributions for all the samples. They have been ascribed to adventitious carbon, different CeO and C]O species and carbonates, being those corresponding to CeO and carbonates the most intense ones for the oxidized samples (Fig. S3a) . In contrast, the carbonate content is lower in those samples treated under 5% H 2 eAr (Fig. S3b) .
The W 4f, Nb 3d and Ti 2p core levels of the dopants show similar features in both oxidizing and reducing atmospheres (Fig. S4aef) . The spectra of the reduced samples are slightly shifted to higher binding energies compared to the oxidised ones, which is explained by the different conductivity values of these samples in reducing and oxidizing atmospheres. The characteristic doublets of these signals were fitted by considering only one contribution with binding energies of 35.2, 206.2 and 457 eV for W 4f 7/2 , Nb 3d 3/2 and Ti 2p 3 / 2 respectively, which are assigned to W 6þ , Nb 5þ and Ti 4þ . Thus, it was impossible to quantify the different oxidation states of the dopants in reducing atmosphere due to the superficial carbonation and oxidation of the samples in contact with air before acquired the XPS spectra.
Only Mo 3d core level shows a different behaviour ( Fig. S4g and  h) . This spectrum was fitted considering two doublets with binding energy values of 232.2 and 231.7 eV, indicating the presence of molybdenum in different oxidation states or alternatively a minor and superficial secondary phase. The sample exposed to air shows a significant increase of the lower binding energy contribution (Fig. S4h ) compared to that treated in H 2 atmosphere (Fig. S4g ). This contribution can not be attributed to the presence of molybdenum with lower valence, i.e. Mo 5þ,4þ , because this is expected to increase under reducing conditions. Hence, this is possibly associated to superficial segregation after exposed the samples in air atmosphere, e.g. SrMoO 4 , as previously observed in related perovskites Sr 2 FeMoO 6 and Sr 2 MgMoO 6 [26, 27] .
Electrical conductivity
The temperature dependence of the conductivity of these phases in air and 5% H 2 eAr is shown in Fig. 7 . According to the literature data, the conductivity of undoped SrFeO 3 is sensitive to the oxygen content and oxygen partial pressure, it shows p-type conducting behaviour under oxygen partial pressures above 10 À5 atm and predominant n-type conduction below 10 À15 atm at 800 C [18] .
The high valence transition metal doping in SrFeO 3 leads to a decrease of the charge carrier Fe 4þ in air, which also results in a decrease in conductivity (Fig. 7a) . In air, all doped materials present semiconductor-type behaviour between room temperature and 600 C, according to the small polaron conduction mechanism. Above this temperature a drop in the conductivity is observed, which is related to the thermal reduction of Fe 4þ to lower valence states and the consequent decrease in the number of charge carriers, as reported for other iron-containing perovskites [12, 28, 29] . The highest conductivity value was found for SrFe 0.75 Ti 0.25 O 3Àd , which is possibly related to the lowest distortion of the perovskite structure after doping compared to the parent compound w40 S cm À1 at 600 C, and the lowest one for SrFe 0.75 Zr 0.25 O 3Àd , w10 S cm À1 at the same temperature, with the largest distortion of the lattice structure after Zr-substitution (Table 1 ) and the stable oxidation state of Zr 4þ , limiting the conduction by polaron hopping between iron ions.
The conductivity in hydrogen atmosphere for the undoped compound SFO is rather low due to the phase transformation to Sr 2 Fe 2 O 5 with low concentration of charge carriers Fe 4þ . The conductivity of the doped samples is substantially higher compared to undoped one, evidencing the structural stability of the doped samples to reduction (Fig. 7b ). The largest values of conductivity are found for the samples doped with high valence cations, i.e. 1 and 5 S cm À1 for W and Mo-doping respectively at 800 C. The better conductivity of Mo-containing samples compared to tungsten seems to arise from the easy reduction of Mo 6þ to lower oxidation states compared to W 6þ . This indicates that the molybdenum cations in reducing conditions may acquire mixed 5þ and 6þ oxidation states and, thus, take part in electron transport, whereas the reduction of tungsten is lower and the electronic conductivity decreases substantially in the low temperature range. Similar observations are known for lanthanum tungstate and molybdates [30] .
The lowest values of conductivity in hydrogen atmosphere were found for Zr 4þ with stable oxidation state.
It should be also commented that the values of conductivity of these materials under reducing conditions are lower than those obtained under oxidizing atmosphere and therefore the efficiency operating as anode material is expected to be lower. This is a common feature of most of the symmetrical electrodes studied previously, e.g. La 0.75 Sr 0.25 Cr 0.5 Mn 0.5 O 3Àd , which exhibits an electronic conductivity of only 0.5 S cm À1 at 800 C in H 2 compared to 40 S cm À1 in air; however, high efficiency was obtained for this material operating in an SOFC as anode [31] . The addition of Cu is a useful method to improve the electronic conductivity, which is the main limiting factor for the practical application of these materials as anode [32] .
Area specific resistance
Symmetrical cells of the different electrodes with LSGM and CGO electrolytes were prepared in order to study their electrochemical efficiencies as both cathode and anode in air and 5% H 2 e Ar respectively. Fig. 8 displays representative SEM images of the LSGM/electrode interfaces. All electrodes showed a good adherence with the electrolyte and adequate porosity with well-connected grains. Reaction at the electrolyte/electrode interface was not observed in good agreement with XRPD results.
Representative impedance spectra in air and 5% H 2 eAr for several compositions are given as Supplementary material in Fig. S1 . The equivalent circuit used to fit the spectra is comprised of an autoinductance (L), for the autoinductive processes of the equipment; a resistance (R), for all the ohmic losses; and two RQ elements for electrode processes: diffusion and charge transference. Fig. 9 displays the values of polarization resistances against the temperature for the different electrodes with LSGM electrolyte in air (Fig. 9a ). It can be seen that for all the doped materials there is an improvement with respect to the undoped composition. For the LSGM electrolyte the best result is obtained for Ti-doping, with a value of 0.25 U cm 2 at 700 C in comparison to 0.86 U cm 2 for the undoped composition at the same temperature. These values of polarization resistance are one order of magnitude lower than those reported previously for a symmetrical cell made of LSGM as electrolyte and La 0.75 Sr 0.25 Cr 0.5 Mn 0.5 O 3Àd (LSCM) as cathode [33] . The activation energies for the polarization resistance are very similar, ranged between 1.2 and 1.5 eV.
For the CGO electrolyte, the best result is obtained for Ti-doping, with a value of 0.22 U cm 2 at 700 C in air (Supplementary material Fig. S2 ). The activation energies for the polarization resistance ranged between 1.2 and 1.4 eV. It should be commented that the efficiency of the electrodes depends on their intrinsic properties but other factors are also relevant. For instance, the microstructure (e.g. porosity and grain size) has a significant influence on the transport of gaseous species and the number of reaction sites, where the electrochemical reactions occur. The sintering temperature is another issue to be considered, because an adequate adherence of the electrodes with low interdiffusion of elements is required. In this work, all electrodes were sintered at the same temperature, 1100 C, for comparison purpose, however the dopant has a significant influence on the densification and grain size, thus different sintering temperature of the electrodes possibly could enhance the polarization resistance values.
As mentioned in the phase stability section, the doped samples retain the cubic structure after annealing in a 5% H 2 eAr flow, and thus, their performance as anode material were tested. In Fig. 9b is shown the polarization resistance values in 5% H 2 eAr with LSGM electrolyte. The CGO electrolyte was not investigated due to its easy reduction at high temperatures under reducing conditions. The values of polarization resistance in 5% H 2 eAr are somewhat higher than those found in air with the best result for Zr-doping, with a value of 0.3 U cm 2 at 700 C, which is comparable to LSCM symmetrical electrode [33] . The values of activation energy for the polarization resistance are somewhat lower than those found in air between 1.0 and 1.2 eV. This is due to the lower activity of the cathode for the oxygen reduction reaction at low temperature compared to the fuel oxidation in the anode.
On the other hand, there exists a clear relationship between the electrical conductivity, the polarization resistance and the ionic radii of the dopant (Fig. 10a) . A maximum in the conductivity in air is observed for Ti-doping and as well as a minimum in the polarization resistance. Under hydrogen atmosphere (Fig. 10b ), the conductivity decreases with the ionic radii of the dopant from 4.5 S cm À1 for Mo-doping to 0.4 S cm À1 for Zr-doping at 800 C. The polarization resistance values also decreases with the ionic radii of the dopant from 0.8 U cm 2 for Mo-doping to 0.2 U cm 2 for Nbdoping at 800 C.
In summary, these results obtained in this work suggest that doped strontium ferrites are alternative electrode materials to LSCM, for symmetrical SOFCs. However, different doping contents in SrFeO 3 should be studied to optimize the transport properties of these materials and improve the efficiency. In both atmospheres an improvement in the area specific resistances (ASR) values were observed for the doped samples. Thus, these preliminary results show that high valence transition metals can be incorporated into perovskite materials and can have a beneficial effect on the performance, making them suitable for its use as cathode and anode materials in symmetrical SOFCs.
